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using either 1 M HCl or 1 M NaOH. The pH was maintained using the following buffer 114 solutions: 0.1 M CH 3 COONa/CH 3 COOH (pH 4-5) and 0.1 M NaH 2 PO 4 /Na 2 HPO 4 (pH 6-8). 115
Aqueous solutions of 10 mM chelating ligands in the appropriate buffer were spiked with 0.1 116 mM Fe(III) or Fe(II) in 1.0 M HCl, and allowed to stand for 20 min, and these solutions were 117 then added to the sample solutions. For Fe(II) sample solutions, 0.2% hydroxyl ammonium 118 chloride was added to prevent oxidation. 119
To study the effect of coexisting ions, NaCl, KCl, CaCl 2 and MgCl 2 were used as sources of 120 cations, and NaCl, NaNO 3 , CH 3 COONa, Na 3 PO 4 , Na 2 SO 4 , NaClO 4 were used as sources of 121 anions; all salts were purchased from Nacali Tesque, Japan. Working solutions at a concentration 122 of 10 mM were prepared in a H 2 O matrix, and the pH was adjusted to 8.0. The final solutions 123 were allowed to equilibrate for 24 h before analysis. Considering the competitive behavior of 124 Ca 2+ and Mg 2+ ions in seawater in terms of ligand capturing, the metal-to-ligand ratio was 125 was allowed to flow through the column to ensure the desired pH conditions (4-8). 146
Treatment of samples 147
Sample solution (5 mL) with ligand (10 mM) and spiked with Fe(III) or Fe(II) (0.1 mM), 148 which was pH adjusted with 0.1 M solution of CH 3 COONa/CH 3 COOH (pH 4-5) or 149 orNaH 2 PO 4 /Na 2 HPO 4 (pH 6-8) buffer, was passed through the SPE column at the pre-set flow 150 rate of 0.2 mL min -1 . The column effluent was collected. The analyte concentration in the 151 column effluent represents the unrestrained concentration of analyte in the SPE system. The 152 second and final step was the elution of analyte from the SPE system using HCl (1 and 6 M). The 153 analyte concentrations from the sample solution, in the effluent, and in the eluent were measured 154 with GF-AAS. Three replicate measurements per sample were made in all instances. The peak height of the 157 reported signal was proportional to the concentration of the respective iron species and was used 158 for all measurements. 159
Instruments 160
A Hitachi Model Z-8100 GF-AAS (Hitachi, Japan) operating at the 248.3 nm wavelength 161 with a slit width of 0.2 nm and 15.0 mA lamp current was used for analyzing iron concentrations. 162 A temperature program was performed with the following steps: drying at 100 ºC, ashing at 1000 163 ºC, atomization at 2700 ºC and cleaning at 3000 ºC with holding times of 60, 60, 10 and 4 s, 164
respectively. Argon was used as the inert gas at a flow rate of 200 mL min −1 except during the 165 atomization step (30 mL min −1 ). After a calibration step, 20 L of sample and 10 L of matrix 166 modifier (NiSO 4 ) were introduced into the graphite furnace for three replicates of each 167 measurement. The pH of the sample solutions was measured with a Navi F-52 pH meter (Horiba 168 Instruments, Japan) and a combination electrode. 169
Results and Discussion 170

Comparative study with different SPE materials 171
The separation efficiencies of Fe(III) from aqueous solutions containing excess ligand with 172 AnaLig TE-01 and different commercially available SPE products were investigated in a non-173 competitive environment ( Fig. 1 ). Thermodynamic equilibrium calculations suggest that 99.9% 174 of the ambient, dissolved Fe(III) exists as Fe(III) chelates when the ligand concentrations are ~25 175 times higher in the aqueous system (Bruland and Rue, 2001) .
that AnaLig TE-01 ensures quantitative extraction of the total amount of Fe(III) from an aqueous 179 solution containing a 100-fold concentration of EDTA spiked with Fe(III). However, the 180 extraction efficiencies of other SPE products are limited to 10-50% for the same sample 181 solutions. Consequently, AnaLig TE-01 is a more suitable SPE-type system to separate the iron 182 dissolved as the metal-ligand complex in a ligand-rich aqueous environment. 183
Effect of pH 184
The retention of dissolved iron on the AnaLig TE-01 column containing immobilized 185 macrocyclic material was studied as a function of pH. The pH of the aqueous system with Fe(III) 186
and Fe(II) in excess EDTA was maintained in the range of 4-8 with CH 3 COONa/CH 3 COOH 187 (pH 4-5) and NaH 2 PO 4 /Na 2 HPO 4 (pH 6-8 ) buffer solutions at 0.1 M concentration. This study 188 was restricted to the pH range 4-8 because EDTA is not very water soluble at very low pH 189 (Ueno et al., 1992) , and the increasing solubility of silica gel with pH (Vogelsberger et al., 1992) 190 may dissolve the silica gel base support of AnaLig TE-01 column. 191
As shown in Fig. 2 , quantitative retention of the Fe(III) and Fe(II) complexes from the 192 ligand-rich medium in the pH range 4-8 were at a maximum on the AnaLig TE-01 column. The 193 variation in the pH of the sample solution and the column effluent were insignificant. Therefore, 194 we can conclude that the MRT gel has significant affinity for dissolved iron in a ligand-rich 195 matrix or in iron-ligand complexes, and the iron-ligand complex is stable in the studied pH range. 196
In view of the fact that oceanic water is limited to the pH range of 7 to 9, the majority of the 197 dissolved iron (Fe(III)) is chelated with organic ligands of biological origin (Bruland and Rue, 198 However, acid concentrations greater than or equal to 5.0 M were recommended as eluent for 223 TE-01 (IBC Advanced Technologies, 2007) . Thus, a combination of 1 M HCl (4 mL) and 6 M 224
HCl (1 mL) was selected as eluent for subsequent experiments to ensure quantitative elution of 225 the analyte. 226
Effect of metal-ligand stability constants 227
Ligands form water-soluble metal complexes of high thermodynamic stability (Lim et al., 228 2005) . The high stability of the metal-ligand complexes may influence the extraction 229 performance of the SPE materials. Various investigators have suggested that dissolved iron 230
content in the open oceans exists primarily as Fe-ligand species (Bruland and Rue, 2001) , and 231 two classes of Fe(III)-binding natural organic ligands were observed with the following 232 conditional stability constants K' ML : 5 × 10 12 M -1 (pK' ML = 12.7) and 6 × 10 11 M -1 (pK' ML = 233 11.78) (Rue and Bruland, 1997) . 234 235 The effect of the metal-ligand complexes' K' ML values on the performance of the MRT-SPE 236 system was evaluated for the extraction of Fe(III) from the ligand-rich, Fe(III)-spiked aqueous 237 system. Solutions of ligands in 0.1 M HCl with varying iron complex stability constants (K ML ), 238 such as NTA, GEDTA, EDTA, DTPA and DFB (Table 2) , were added to the iron-spiked 239 solution to prepare each sample solution. The Fe(III)-ligand complex stability at pH 8 was 240 considered during the selection of the chelating ligands. AnaLig TE-01 demonstrated better 241 separation efficiency than the other selected SPE materials (Chelex-100, InterSEP ME-1 and 242 NOBIAS Chelate PA-1) for the metal-ligand complexes of NTA, GEDTA and EDTA (Fig. 4) . A 243 significant decrease in the AnaLig TE-01 separation performance was observed for metal-ligand 244 complexes with high K' ML values, e.g., metal-DTPA and metal-DFB. In ocean waters, the pK' ML values for Fe(III)-binding organic ligand classes are limited to a pK of 12.7 (Rue and Bruland, 246 1997 ). However, quantitative separation performance for ligands with pK' ML values of up to 22.8 247 was observed with the proposed MRT-SPE system. Therefore, the thermodynamic stability of 248 the commonly observed Fe(III)-ligand complexes in ocean waters has a negligible effect on the 249 iron separation performance of the AnaLig TE-01. 250
Effect of coexisting ions 251
The interference of other coexisting ions on the separation and preconcentration of dissolved 252 iron was examined under optimal conditions. Various cations, including Na + , K + , Ca 2+ and Mg 2+ , 253 and anion species, including Cl -, NO 3 -, CH 3 COO -, PO 4 2-, SO 4 2and ClO 4 -, were added 254 individually to the ligand-rich Fe(III) sample solutions, which were then allowed to equilibrate 255 for 24 hours. The studies were carried out in a non-competitive environment by applying 5 mL 256 of the ion-fortified sample at the optimized flow rate with subsequent collection using the 257 appropriate eluent. Variation in pH was negligible between the fortified samples and column 258 effluents. Quantitative recovery of Fe(III) was observed in the presence of the selected cations 259 and anions (Fig. 5) . Therefore, it can be concluded that the developed method is reasonably free 260 from interference resulting from coexisting ions that are commonly found in open aqueous 261 systems. 262
Extraction capacity 263
Extraction capacity is an important factor that must be evaluated because it determines how 264 much MRT gel is required for quantitative separation of Fe(III) from a solution. Batch method 265 experiments were used for a capacity study, and the experiments were conducted as follows: 0. Sillen and Martell (1964; 1993) , c Morel and Hering (1993) 
